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Abstract

Context It has been reported that photoexcitation of azastilbene compounds like E-1,2-bispyrazinyl-ethylene (bpe) can
undergo E— Z photoisomerization of its quaternary salts via the excited triplet state. However, experimentally it is possible to
get low fluorescence and photoisomerisation quantum yields in a state with higher internal conversion than intersystem cross-
ing. We modelled bpe and its methylated derivative (bpeMe), as well as its quaternary halogen salts (bpeMeX with X=F",
CI7, Br™ and I") to study levels of fluorescence, phosphorescence and excited state potential energy surfaces (PES). Results
support experimental observations of molecules where the anion of a salt is an efficient electron donor, that molecules with
weak electron-donating anions like C1™ to give increased fluorescence and photoisomerization, as compared to molecules
with stronger electron-donating anions like I”, which are dominated by competing electron transfer. The fluorescence of
bpeMeF and bpeMeCl was found to be stronger than bpeMeBr and bpeMel. A deep well in the triplet excited state of bpeMel
is considered responsible for the decreased photoisomerization, compared to what was experimentally observed for bpeMeCl.
Uniquely, the bpeMel molecule is characterised by near-zero splitting of the s1 and t1 excited states that can enhance charge
transfer. The quaternary salt of bpeMe with stronger electron-donating Br™ anion was observed to undergo fluorescence and
phosphorescence at much lower energy compared to those with weak electron-donating F~ and C1™ anions. This research
shows how to control the excited state fluorescence, phosphorescence and isomerization of quaternary halogen salts of methyl
derivatives of 1,2-bispyrazinyl-ethylene, which aids experimental design where excited state isomerization is considered.
Methods Geometry optimization, molecular electrostatic potential (MESP), and time dependent density functional theory
(TDDFT) calculations were conducted utilizing Gaussian 16 with the B3LYP functional and the 6-31 + G(d,p) basis set. The
minimum energy path (MEP) for the E to Z isomerization of the molecules was established employing the Nudged-Elastic-
Band (NEB) method, implemented in Orca 4.2. Precise energies of the E— Z isomerization reaction path were determined
employing CASSCF and a more accurate multireference method, NEVPT2.

Keywords Excited state Potential Energy Surface - Intersystem crossing - Internal conversion - Phosphorescence -
Fluorescence - Charge transfer
Introduction

Photo-excitation of azastilbene compounds undergo photoi-
somerization, exhibiting low fluorescence and photoisomeri-
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singlet state by close-lying n,n* or &,* states [2]. E—Z pho-
toisomerization of quaternary salts of E-1,2-bispyrazinyl-eth-
ylene (bpe) are reported to proceed through the excited triplet
state [1], see structure in Scheme 1. The halogen anion serve
as a weak source of electron donor [1]. Photoisomerization
of E—Z was found to be efficient in the 1-pyrazinyl-2-(4’-
methylpyrazinyl)ethylene (bpeMe) salt when containing a
weak electron-donating anion like C1™ (bpeMeCl) (compared
to stronger electron-donating anions like Br and I'). Here,
inter-system crossing (ISC) to the excited triplet state from
the excited singlet state plays an important role compared
to those with I™ (bpeMel) where electron transfer from the
singlet state competes with ISC. In the presence of a strong
electron-donating anion like 1™, deactivation of the excited
singlet state is dominated by electron transfer that competes
efficiently with both the fluorescence and photoisomerization
yields of the neutral E-bpeMel salt [1].

Scheme 1 Structures and
abbreviations used, of E and
Z isomers of molecules of the
present study. Q =charge

ey

f

The study of photochemistry of quaternary salts of
azastilbene derivatives in the presence of halogen anions is
important since it has several applications in environmental,
physical and biological systems. These studies were used to
show how the presence of halogen anions affect the photo-
toxicity of anthracene-based chromophores, as well as its
effect on inhibition of DNA damage cleavage (I">Br™>F")
[3]. Also, halogen anions were shown to be suitable elec-
tron-donors in the formation of electron-donor—acceptor
(EDA)-complexes during excited state transformation of
quaternary derivatives of pyridinium, which are known to
have several valuable applications in both biological and
physical systems [4].

The structures of the cations, bispyrazinyl-ethylene (bpe)
and its derivative bpeMe ion are shown in Fig. 1. In the
halogen salts of bpeMe, the halogen anion serve as a weak
source of electron donor [1]. Literature reports show that

—R — _
- X

X hV — —
—> +_R
No X (Q = 1): \\__// \\_//

bpe (R =H)
bpeMe (R = Me)
With X =F, CI, Br (Q =0):

bpeMeX (R = Me)

Fig. 1 Molecular electrostatic potential (MESP) surfaces of the optimized geometries of the E and Z isomers of bpe and bpeMe. Most electro-
philic areas for anion interaction of bpeMe are indicated by arrows. Atom colour codes: N (blue), C (grey), H (white)
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molecules with strong electron-donating anions like I and
Br™ are associated with higher electron transfer leading to
lower fluorescence quantum yields ®; and photoisomeriza-
tion quantum yields @y_,,. This is contrary to bpeMe cations
with weak electron-donating anions like F~ and CI™. We
studied the photophysical and E — Z photochemical prop-
erties of the cations bpe and bpeMe to elucidate the effect
of the positive charge and the presence of strong (Br~ and
I7) and weak electron-donating halogen anions (F~, C17)
that form the corresponding quaternary salts (bpeMeX with
X=F7, CI", Br™ and I") of bpeMe. In this study, differ-
ences in electron transfer, excitation energy, photophysical
properties (fluorescence and phosphorescence) and nature
of the excited state reaction path for the E— Z photoisom-
erisation of the bpe cation, its derivative the bpeMe cation
and their halogen salts were computed (Scheme 1). The
CASSCF method was applied, being a useful method for
computing excited state properties of molecules. CASSCF
was applied in several studies, eg. in dual fluorescence
of 2-(20-hydroxyphenyl) [5], and excited-state decay of
8-Methoxy-4- methyl-2H-benzo[g]chromen-2-one [6].

Computational method

The geometries of the E and Z isomers of the bpe and bpeMe
(charge Q=1) molecules were modelled and optimized to its
local minima. The molecular electrostatic potential (MESP)
surface was computed for the optimized structure of bpeMe
to know the best electrophilic centre for the introduction of
the halogen anions that act as nucleophiles. Halogen anions
were thus introduced to interact with the bpeMe cation, and
named bpeMeF, bpeMeCl, bpeMeBr and bpeMel (all Q=0).
Initial optimization and MESP was carried out using Gauss-
ian 16 [7] with the B3LYP functional and the 6-31+ G(d,p)
basis set.

To study the reaction path for the isomerisation of the
molecules from their E to Z isomers, the Nudged-Elastic-
Band (NEB) method [8, 9] as implemented in Orca 4.2 [10,
11] was applied to locate the minimum energy path (MEP).
In all the studied molecules, eight geometries were extracted
along the isomerisation MEP, which include the initial struc-
tures of the E and Z isomers.

Changes in energy along the sample reaction path for the
ground and excited states were computed using CASSCF
and then corrected with internally implemented multiref-
erence perturbation theory, i.e. N-Electron Valence State
Perturbation Theory (NEVPT2) [12, 13]. The advanced
CASSCEF and perturbation methods that were used had def2-
TZVP [14] as basis set, as implemented in Orca.

Computation of other molecular excited state properties
was done by using the TD-DFT method with B3LYP func-
tional method and 6-31 + G(d,p) basis set. MESP analysis

was also done with the same functional and basis set, while
rendering of MESP isosurfaces was done with VMD [16]
and Multiwfn [17, 18]. The CASSCF, NEVPT2, TD-DFT
and MESP computations were carried out in acetonitrile as
solvent (the experimental solvent used for photoisomeriza-
tion of bpeMeX) with the SMD solvation model [15].

Results and discussion
E to Z isomers reaction path

The molecular electrostatic potential (MESP) of the opti-
mized E and Z isomers of bpe and bpeMe molecules were
computed with the surfaces shown in Fig. 1. MESP is asso-
ciated with electronic density and serves as useful descrip-
tor for identifying areas for hydrogen-bonding interactions,
nucleophilic reactions and electrophilic attack [19, 20]. The
MESP surfaces of the optimized geometries of the E and Z
isomers of bpe and bpeMe are shown in Fig. 1. Methyl group
presence gives rise to a positively charged bpeMe molecule
with a strong electrophilic field around the nitrogen atom
that carries the methyl group, which then is available for
anion interaction. The anions were introduced to the bpeMe
molecules through the most electrophilic centres around the
nitrogen atom that bears the methyl group.

The reaction path for the E to Z isomerisation obtained
from the NEB method for bpe is shown in Fig. 2. After sam-
pling several possible conformational changes along the E
to Z isomerisation path, the best path was chosen based on
the convergence of NEB to the minimum energy path as
indicated in Fig. 2. In each of the molecules eight points
indicated by dots along the minimum energy path, were
selected for further computational studies. Reaction paths
along the constructed MEP for all the other molecules are
shown in Fig. 2. The predicted energy barrier from NEB
analysis shows that the energy barrier for the bpe cation and
the bpeMel neutral molecule, is higher than the rest of the
molecules in the order:

bpe > bpeMel > bpeMeF > bpeMeCl > bpeMeBr > bpeMe.

The structure of the E-isomer has a lower energy com-
pared to the Z-isomer in all the molecules except for the
fluor salt, bpeMeF, see Fig. 2(b).

Excited state structural change

To explore excited state structural changes, DFT
(B3LYP/6-31+G(d,p) was used to optimize the geometries
of the E and Z isomers in their ground states (GS), first
excited singlet (s1) and triplet (t1) states. Geometry changes
of excited state structures derived from ground state struc-
tures are shown in Fig. 3, as the RMSD from GS structures.
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Fig.2 (a) The minimum energy reaction path (in red) for E to Z red. (b) Reaction path plots were obtained from NEB analyses for all
isomerisation of bpe, using the NEB method. The eight points molecules. The energy of the Z-isomer is taken as 0. dE=change in
selected for further study are indicated as dots on the reaction path, energy

GS sl tl
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w
E-bpe RMSD: s1(0.048), t1(0.041)

Z-bpe RMSD: s1(0.539), t1(0.146)

A

v
E-bpeMe RMSD: 1(0.094), t1(0.000)  E-bpeMeCl RMSD: s1(0.047), t1(0.078)  E-bpeMel RMSD: s1(0.048), t1(0.051)

Z-bpeMe RMSD: s1(0.770), t1(0.000)  Z-bpeMeCl RMSD: s1(0.067), t1(0.189) z-bpeMeTp;MSD; $1(0.159), t1(0.153)

Fig.3 Ground state (GS), first singlet excited state (s1) and first triplet excited state (t1) structures of the B3LYP/6-31+ G(d,p) optimized geom-
etries. RMSDs of the backbone atoms (carbon and nitrogen atoms) of each of the excited state structures from the GSs are indicated

The RMSD values of s1 and t1 of the GS structures clearly =~ RMSDs of the E-isomers are relatively low compared to that
show structural changes in both the s1 and t1 excited states  of the Z-isomers. The RMSDs clearly show more significant
of the molecules, as compared to their ground states. The  changes in geometries in the sl state compared to the tl
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state in the bpe and bpeMe molecules and the fluorinated
molecules. The opposite is observed in the CI~, Br™ and
I” anions, with larger geometry changes in the t1 state than
in the s1 states. The most significant change in geometry is
observed in the s1 excited state of the Z-bpeMe (with root-
mean-square deviation RMSD =0.770 A) and Z-bpeMeF
(RMSD=0.749 A) molecules, as seen in the rotation of one
of the two rings.

Ground and excited state E — Z isomerisation
reaction paths

The reaction path at the ground state and excited state for
the E— Z isomerisation was studied using CASSCF and
a more accurate multireference method, NEVPT2. Single
point calculations, to determine CASSCF and NEVPT2
energies, were based on the ground state geometries of the
reaction path identified in Fig. 2. The excited state reaction
path using the NEVPT2 method is shown in Fig. 4, while
that of the CASSCF method is shown in the Supplementary
Information (Figure S1).

There is a significant difference between the excited
state PES obtained using CASSCF and NEVPT2 meth-
ods. The s1 state was found above the t1 and t2 states
in CASCEF, with significant energy separation between s1
and t1 (above 1.0 eV), but when a more accurate NEVPT2

was used, s1 was found at a much lower energy difference
from the ground state and in most cases overlapping with
the t2 state, while being very close to t1. The s1 state was
even found to overlap with tl along the E — Z photoi-
somerisation PES of bpe, bpeMe, bpeMeBr and bpeMel,
when using NEVPT2. Another interesting feature of the
excited state PES is found in bpeMeF and bpeMeCl, where
there are many overlaps of the sl and s2 states, indicat-
ing a strong possibility of internal conversion from the s2
excited state to the sl state.

A very strong minimum was observed in both the GS
and all the excited states of bpeMel of the Z-isomer. Similar
minima were also seen in bpeMeBr and bpeMeF, but mid-
way between the E and Z isomers. BpeMeCl shows a unique
PES at step 3; the GS energy went up but the t1 energy got
lower, resulting in a very small energy gap between tl and
s0, which may lead to ISC. The PES of the t1 where the
photoisomerization is expected to take place has a lower
barrier compared to the ground state in all the molecules
except bpeMel, where the well that is found in sO was also
found in t1 in the Z-isomer zone. This may be a reason for
the experimental quantum yield of the photoisomerization of
bpeMel being lower than that of bpeMeCl. Besides this, one
would have expected more photoisomerization of bpeMel,
because of the significant level of overlapping of sl and tl,
which would enhance ISC.

(@) 7 bpe (b) 7 bpeMe (c) 7 bpeMeF
-0-s0 . -s0
> *sl > *sl > ®-sl
L5 *s2 &5 ./._./o—._./‘\. *s2 &5, g% N es2
- )
s e b = .
g2 G % 5 % ° t3
w 1, £ w 1 Z./\O\‘\‘\; w1 W\i
(R oo S S 0 0
2 4 6 8 2 4 6 8 2 4 6 8
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7
(d) 7 bpeMecClI P (e) é bpeMeBr - s0 () Z) bpeMel - s0
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Q5 32 ~— *s2 2 . 52
g 4 s3 g 4 v/_./.\'/v\,\\ : s3 S 4| &2 =8 s3
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Fig.4 Excited state energies of (a) bpe, (b) bpeMe, (c) bpeMeF, (d) bpeMeCl, (e) bpeMeBr, and (f) bpeMel, along the E—Z conformational
change, using the NEVPT2 method (because of its high value the data point of bpeMe at step 2 in (b) was cut off)

@ Springer



109 Page6of14

Journal of Molecular Modeling (2024) 30:109

In the results obtained from NEVPT2, an overlap is seen
between s1 and t1 in the E-isomers of bpe, bpeMe and bpe-
Mel, showing a very strong possibility of ISC from s1 to
t1, which may lead to either photoisomerization or phos-
phorescence. The bpeMel molecule shows two additional
overlaps of s1 and t1 along the excited state PES. At step 5
the energy of s1 was found to be lower than that of t1. As
for the Z isomer, only bpe and bpeMeBr show an overlap
of the s1 and t1 states. All the molecules (except bpe) show
several overlaps of t2 with s1. There is a unique behaviour
of the t2 excited state in all the halogen salt molecules; the
energies of t2 in many instances are found to be lower than
that of s1, suggesting an ISC to the triplet state via t2, being
an s1 —t2 —tl photoisomerization mechanism. There is
significant overlap t2 and tl in bpeMeCl, especially near
its Z isomer, which may be the reason for the experimental
observation of increased photoisomerization in bpeMeCl as
compared to bpeMel [1]. The observed IC, ISC and possi-
ble photochemical and photophysical properties, as obtained
from the results in Fig. 4, are summarised in Fig. 5.

Fig.5 Schematic representation
of the excited state energy levels
(not drawn to scale) of (a) bpe,

a). bpe

Singlet and triplet coupling with the Charge transfer
of the molecules

The two major divisions of the excited states of organic
molecular systems in terms of binding energies are:

1. strongly bound locally excited (LE) states, and.
2. weakly bound charge-transfer (CT) states [21, 22].

The weak binding energy of the CT can make use of
both singlet and triplet excitons because of the possibil-
ity of a spin flip between the singlet and triplet exciton
that results from spin mixing due to near-zero or negative
energy splitting [21, 23].

This implies that where there is near-zero energy split-
ting between the singlet and triplet state, there is a high
possibility of CT. Besides, the overlapping of the s1 and
t2 states that is common to all the molecules besides
bpe, additional overlap is observed between sl and tl

ISC

(b) bpeMe and its quaternary s3 'I-;,' t3
halogen salts (bpeMeF, bpe- IC
MeCl, bpeMeBr and bpeMel), ISC IC 2
illustrating features related to s2
the PES, obtained from the § IC
NEVPT2 method reported in s1 3 B
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T tl
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Table 1 Prominent absorption
peaks from the SOC calculation
using NEVPT2 with absorption
arranged according to frequency
strength, fosc, in each molecule.
Excited state numbers and
corresponding spin states are
shown

Excitation spin Energy (cm™)? Wavelength (nm) fosc? T2 (D*%2)°
Z-bpe

0(s0) - 6(s3)! 0 32,532.2 307.4 4.49E-01 2.93E+01
0(s0) —4(sl) 0 27,587.4 362.5 3.18E-02 2.45E+00
0(s0) —5(s2) 0 28,427.3 351.8 2.21E-02 1.65E+00
0(s0) — 1(t1) 1 26,322.0 379.9 8.70E-08 1.00E-05
0(s0)—12(t3) 1 34,443.1 290.3 3.70E-08 0.00E +00
E-bpe

0(s0) —5(s2) 0 30,728 325.4 1.09E+00 7.53E+01
0(s0) —4(sl) 0 26,159.1 382.3 2.00E-09 0.00E +00
0(s0)—12(s3) O 40,3534 247.8 2.00E-09 0.00E +00
Z-bpeMe

0(s0) — 8(s2) 0 32,076.6 311.8 2.76E-01 1.83E+01
0(s0)—7(s1) 0 28,047.5 356.5 2.63E-01 1.99E+01
0(s0)—12(s3) O 38,843.3 257.4 5.68E-02 3.10E+00
0(s0) — 4(t2) 1 27,902.7 358.4 4.77E-06 3.60E-04
0(s0)—11(t3) 1 35,009.4 285.6 2.90E-08 0.00E+00
E-bpeMe

0(s0) — 8(s2) 0 33,395.8 299.4 8.87E-01 5.64E+01
0(s0) —4(s1) 0 21,181.6 472.1 3.26E-01 3.27E+01
0(s0)—12(s3) O 37,241.1 268.5 6.30E-02 3.59E+00
Z-bpeMeF

0(s0)—7(s1) 0 27,920.0 358.2 3.35E-01 2.55E+01
0(s0)—12(s3) O 33,299.1 300.3 2.14E-01 1.37E+01
0(s0)—11(s2) O 30,618.3 326.6 7.43E-02 5.15E+00
0(s0) —4(t2) 1 27,482.7 363.9 1.68E-07 1.00E-05
0(s0) — 8(t3) 1 30,183.7 331.3 1.40E-08 0.00E +00
E-bpeMeF

0(s0) — 8(s2) 0 29,251.0 341.9 6.29E-01 4.57E+01
0(s0)—7(s1) 0 28,413.7 351.9 5.01E-01 3.75E+01
0(s0)—12(s3) 0 32,737.6 305.5 7.24E-02 4.69E+00
0(s0) —4(t2) 1 26,834.1 372.7 7.00E-09 0.00E +00
0(s0) — 6(t2) 1 26,834.1 372.7 5.00E-09 0.00E +00
Z-bpeMeCl

0(s0)—12(s3) O 33,683.7 296.9 4.48E-01 2.83E+01
0(s0)—7(s1) 0 29,849.2 335.0 3.56E-01 2.53E+01
0(s0) — 8(s2) 0 32,403.1 308.6 1.99E-01 1.31E+01
0(s0) —9(t3) 1 33,024.0 302.8 1.17E-06 8.00E-05
0(s0)—11(t3) 1 33,024.0 302.8 6.67E-07 4.00E-05
E-bpeMeCl

0(s0)—7(s1) 0 28,730.0 348.1 6.87E-01 5.08E+01
0(s0)—12(s3) O 34,027.5 293.9 6.33E-01 3.95E+01
0(s0) — 8(s2) 0 30,886.6 323.8 5.27E-02 3.62E+00
0(s0) —4(t2) 1 24,889.9 401.8 6.00E-07 5.00E-05
0s0)—11(t3) 1 31,742.5 315.0 2.27E-07 2.00E-05
Z-bpeMeBr

0(s0) —4(s1) 0 22,788.1 438.8 4.98E-01 4.65E+01
0(s0) — 8(s2) 0 28,480.3 351.1 1.91E-01 1.43E+01
0(s0) = 9(s3) 0 29,653.7 337.2 6.84E-04 4.90E-02
0(s0)—7(t2) 1 24,698.3 404.9 1.11E-04 9.57E-03
0(s0) —5(t2) 1 24,696.9 404.9 6.19E-05 5.32E-03
E-bpeMeBr
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Table 1 (continued) Excitation spin Energy (cm™)? Wavelength (nm) fosc? T2 (D**2)°
0(s0)—7(s1) 0(96.78%),1(3.05%)°  25,640.7 390 1.11IE+00 9.22E+01
0(s0)—10(t3)  1(96.60%),0(3.14%%) 28,972.2 345.2 4.16E-02 3.05E+00
0(s0)—11(s2)  0(94.68%),0(4.21%) 29,920.8 334.2 1.34E-03 9.54E-02
0(s0) — 6(t2) 1 23,621.4 423.3 6.91E-04 6.21E-02
0(s0)—12(s3)  1,1,0,0(67.53) 30,677.6 326.0 3.58E-04 2.48E-02
Z-bpeMel
0(s0) —4(s1) 0 25,844.3 386.9 6.85E-01 5.63E+01
0(s0) — 8(s2) 0 28,445.3 351.6 9.81E-04 7.33E-02
0(s0)—12(s3) O 30,951.5 323.1 9.42E-04 6.46E-02
0(s0) — 5(t2) 1 27,280.8 366.6 2.58E-07 2.00E-05
0s0)—11(t3) 1 29,2854 341.5 1.90E-08 0.00E+ 00
E-bpeMel
0(s0) —4(s1) 0 22,858.2 437.5 9.09E-01 8.44E+01
0(s0)—12(s3) O 27,9354 358.0 1.33E-03 1.01E-01
0(s0)—11(s2) O 27,709.8 360.9 6.43E-04 4.93E-02
0(s0)—7(t2) 1 23,106.2 432.8 1.23E-05 1.13E-03
0(s0)—10(t3) 1 26,960.8 370.9 9.59E-06 7.60E-04

21 nm (wavelength) =10 000 000/cm ™" (Energy)
Thus as example, Energy (3 2532.2 cm™!)=10 000 000/32 532.2 nm =307.39 nm

bfosc =frequency of the excitation

°T2 (D**2) is the square of the electric transition dipole moments (T) in Debye? that is directly propor-

tional to the fosc in ps™!

4The notation 0(s0) — 6(s3) indicates an excitation from the ground state (s0) to the third excited state (s3);
0 indicates the ground state and 6 stands for the sixth energy level

“The notation 0(s0) — 7(s1), $(96.78%), t(3.05%) implies excitation from the ground state 0(s0) to first sin-
glet excited state 7(s1), characterised to have orbital mixing of 96.78% singlet (5(96.78%)) and 3.05% tri-

plet (1(3.05%)

in bpeMel, resulting in a high level of CT, that was also
experimentally observed in bpeMel [1].

The prominent absorption peaks that were found in the
UV spectra of the spin—orbit coupling (SOC) calculation
using the NEVPT2 method are shown in Table 1, while
the UV spectra showing all the absorption peaks are repre-
sented in Fig. 6. There are some spin-forbidden excitations
to the triplet state, which are shown in Table 1 as coming
from the singlet ground state. However, the analysis of
the excited state (Fig. 4) shows that they are not directly
from the ground state but occur due to the overlapping of
the singlet and triplet excited states in the molecules. The
low level of charge transfer from the excited singlet state
to the triplet state is obvious from the lower values of their
frequencies (fosc in Table 1).

The E-bpeMeBr molecules have the high-
est level of charge transfer to the triplet excited state
(0(s0) — 10(t3) fosc =4.16E-02), with two instances of
singlet and triplet state mixing, as indicated in Table 1 by
“0(s0) — 7(s1) s(96.78%),t(3.05%)” and “0(s0) — 10(t3)
t(96.60%),s(3.14%%)”. The notation “0(s0) — 7(sl)

@ Springer

$(96.78%),t(3.05%)” implies excitation from the ground
state 0(s0) to first singlet excited state 7(s1), characterised
to have orbital mixing of 96.78% singlet (s(96.78%)) and
3.05% triplet (t(3.05%). The strongest charge transfer to the
triplet state was found in E-bpeMeBr which is the conse-
quence of overlapping of t2 with s1 excited states (Fig. 4).
E-bpeMel (as can be seen in Table 1) also shows significant
charge transfer from the singlet excited state to the triplet
state (0(s0) — 7(t2) and 0(s0) — 10(t3)) that are spin forbid-
den. The origin of this charge transfer in E-bpeMel to t2 and
t3 is from the overlapping of s1 with t2 and the overlapping
of t3 with both s2 and s3 (Fig. 4).

The UV spectra obtained for the E-isomer and Z-isomers
for each of the molecules are shown in Fig. 6. There is a
stronger absorption peak in the E-isomers compared to their
Z-isomers. In the E-isomer, bpe has the strongest peak, but
bpeMe with halogen anions is stronger in Z-isomers, espe-
cially that of bpeMeCl and bpeMeBr. Phosphorescence is
dominated by many peaks because of many possible ISCs
in the systems, as shown in Figs. 4 and 5. The fluorescence
and phosphorescence spectra show absorption peaks at much
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Table2 Computed fluorescence and phosphorescence rate constant
(s™!) values of the E and Z isomers. Percentage vibronic couplings
in forbidden transitions (the so-called Herzberg-Teller effect, HT) and
Frank—Condon (FC) values are listed

Mol? FLUOR (s7) FC(%) HT(%)
E-bpe 2.92E+10 0 100
Z-bpe 6.83E+07 79.96 20.04
E-bpeMe 2.96E+08 103.89 -3.89
Z-bpeMe 3.63E+08 22.44 77.56
E-bpeMeF 5.97E+08 85.75 14.25
Z-bpeMeF 2.08E+08 102.99 -2.99
E-bpeMeCl 4.78E+08 89.34 10.66
Z-bpeMeCl 2.58E+08 70.23 29.77
E-bpeMeBr 1.12E+08 90.14 9.86
Z-bpeMeBr 8.99E+ 06 96.39 3.61
Mol PHOSPH(s™!) FC(%) HT(%)
E-bpe 1.36E-01 13.01 86.99
Z-bpe 1.16E + 00 20.17 79.83
E-bpeMe 8.26E-04 0.71 99.29
Z-bpeMe 2.52E-03 15.48 84.52
E-bpeMeF 1.01E+01 0.33 99.67
Z-bpeMeF 3.55E+00 6.17 93.83
E-bpeMeCl 4.65E+00 1.31 98.69
Z-bpeMeCl 2.40E+00 2.71 97.29
E-bpeMeBr 3.02E+02 27.02 72.98
Z-bpeMeBr 1.35E+02 24.36 75.64

aThe atomic mass of bpeMel is too high and could not be computed.

longer wavelengths towards the visible region, in order of
bpeMeBr > bpeMe, bpeMe(F, Cl) > bpe. This shows that
bpeMeBr with the stronger electron-donating anion Br™ (rel-
ative to F") undergo fluorescence and phosphorescence at
much lower energies, while molecules with strong electron-
withdrawing (weak electron-donating) anions like bpeMeF
and bpeMeCl, appear at a slightly higher energy level than
that of the bpeMe cation.

Fluorescence and Phosphorescence properties

Fluorescence and phosphorescence of the E and Z isomers of
the molecules were computed as shown in Table 2. Phospho-
rescence values were computed as the average of the three
triplet substrates, as reported in the literature [24]:

phosph — 3

In molecules with heavy atoms, the vibronic coupling
that is associated with a large Herzberg—Teller (HT) contri-
bution may be negligible, because the spin—orbit coupling
matrix elements (SOCME) are expected to be relatively

large, i.e.>5 cm™.

Computed fluorescence and phosphorescence rate con-
stant values of the molecules are shown in Table 2. All
the molecules give very high fluorescence constant val-
ues compared to their phosphorescence constant values.
The molecule bpeMeCl with the weak electron-donating
CI” anion shows increased photoisomerization and fluo-
rescence, while derivatives with highly electron-donating
anions like I™ are dominated by electron transfers that
compete with both its fluorescence and photoisomeriza-
tion mechanisms [1]. Our results support this observation,
as the molecules bpeMeF and bpeMeCl showed a higher
fluorescence constant compared to bpeMeBr. Fluores-
cence is mainly from the FC with less contribution of HT,
except for the E-bpe and Z-bpeMe. Phosphorescence in
turn is mainly from HT, which implies phosphorescence
resulting more from vibronic coupling. This implies that
transitions between the excited and ground states are not
purely electronic transitions, but involve intramolecular
interactions between electrons and vibrations from the
motions of nuclei [25]. However, the contribution of FC
to the phosphorescence constant is more significant in
molecule bpeMeBr than the rest, which possibly leads to
higher phosphorescence of bpeMeBr, compared to the rest
of the molecules.

Molecular property changes in the E to Z isomers

Some of the properties that were computed for compari-
son of E and Z isomers include charge transfer, excitation
energy, Coulomb attractive energy and centroid distance
between the hole and electron points on each of the mol-
ecules obtained from TDDFT (NStates =25) and their V ;,
and V. values obtained from MESP analyses. The criti-
cal points (CPs) of MESP were located by topographical
analysis. A (3,+3) CP is represented by a MESP minimum
(V,,i,); @ maximum is denoted by (3, -3) and saddle points
by (3,+1) and (3, -1) [26, 27]. These values are listed under
Supplementary Information, Tables S2 and S3. Changes in
computed properties, namely charge transfer (CT), excitation
energy (ExcitE), Columbic energy (CBE), centroid distance
between the hole and electron, MESP minimum V;, and
maximum V., of other molecules from that of the E-bpe,
are shown in Fig. 7.

Among the computed properties, a significant change in
centroid distance was observed in all molecules when com-
pared to that of E-bpe. The centroid distance in bpeMeBr is a
little smaller than in bpeMe and the halogenated compounds.
The bpeMeBr is also characterised by lower values of Cou-
lomb attractive energy and excitation energy. In all the mol-
ecules with halogens the excitation and Coulomb attractive
energies are lower in the E-isomers than in the Z-isomers.
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Fig.6 Absorption spectra of the first excited states of the molecules,
as well as fluorescence and phosphorescence spectra. Due to higher
atomic number, it was not possible to compute the first excited state

As shown in Fig. 7, there is an observed increase in
the bandgap between the HOMO and LUMO for all the
Z-isomers compared to the E-isomers. The reason for the
increase in the bandgap of the Z-isomers is due to the
increase in its LUMO and decrease in its HOMO energies.
The HOMO and the LUMO of bpeMe decrease signifi-
cantly because of the presence of the methyl group as com-
pared to bpe. In the presence of halogen anions, the HOMO
and LUMO energies increased when compared to bpe.
The bpeMeBr molecule has the lowest bandgap (E-iso-
mer =3.34, Z-isomer =3.49) among all the molecules
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spectra and some fluorescence and phosphorescence spectra of bpe-
MeBr and bpeMel

while bpe has the highest bandgap (E-isomer=3.95,
Z-isomer=4.31).

MESP minima (V,,;,) increase in magnitude in the mol-
ecules with halogen anions, from F~ to Br™. In the presence of
halogens, the V,;,, and V. values drop significantly, especially
in the presence of F =, when compared to Br™. V_;, decreases
while V. increases on going from the E to the Z isomers. V;,
and V. locations for bpe and bpeMeBr are shown in Fig. 8.
V min 18 located near the halogen, in both the E and Z isomers.
However, in unsubstituted bpe, there is a change in the V.
position on going from the E to the Z isomer, the V_;, position
however remains in the same location in both isomers.
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Fig.7 (a) Changes in the computed charge transfer (CT), excita- Ebpe. (b) Changes in values of V ; and V . of each of the ground

tion energy (ExcitE), Columbic energy (CBE), and centroid distance
between the hole and electron of each of the molecules from that of

Conclusion

The results obtained from the excited state study of the
derivatives of bpe, bpeMe and the quaternary bpeMe halo-
gen salts are summarised as follows:

e The excited state structures of molecules with C17, Br™,
and I anions show a more significant change in the t1
structure than sl structures when superimposed on the
GS structure. On the contrary, the excited state of bpe-
MeF, bpe and bpeMe show a higher RMSD of the sl
compared to t1.

The excited state PES of bpeMel suggests a higher level
of ISC because of the significant level of overlap between

states of the molecules from that of Ebpe. (¢) HOMO and LUMO
energies of the ground states of the molecules

sl and t1, while in bpeMeF and bpeMeCl more overlap
of s1 and s2 can result in IC from s2 to s1.

The PES of t1 where the photoisomerization is expected
to take place has a lower barrier compared to the ground
state in all the molecules except for bpeMel, where a well
that is found in s0 is also in t1 at the zone of the Z isomer.
This may be a reason for the experimental quantum yield
of bpeMel photoisomerization being found lower than
that of bpeMeCl.

A lower s1 energy than tl energy was observed along
the excited state PES of bpeMel, further explaining
why the experimental photoisomerization for bpeMel
was lower than that for bpeMeCl. Photoisomerism is
expected to take place at a point along PES where t1
is at a higher energy value compared to s1. Another
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reason for the observed higher photoisomerization in
bpeMeCl compared to bpeMel may be traced to the
overlapping of t2 and tl near the Z isomer of bpe-
MeCl.

e A near-zero splitting between s1 and t1 is common along
the excited state PES of bpeMel, which may be respon-
sible for higher experimentally reported CT in bpeMel.
This supports the view that near-zero or negative energy
splitting leads to the possibility of a spin flip, which
thereby enhances CT [21, 23].

e Molecules with halogens are predicted to undergo ISC to
the triplet state via t2 which is highly overlapped with s1
and can initiate a possible s1 —t2 —tl photoisomeriza-
tion mechanism.

e Fluorescence and phosphorescence show absorption
peaks to appear at a much longer wavelength towards
the visible region, and the following order: A =bpe-
MeBr > bpeMe, bpeMe(F, CI) > bpe. This shows that
the bpeMe cation, compared to the neutral bpeMeBr,
can undergo fluorescence and phosphorescence at
much lower energies. The molecules with weak elec-
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V,..,=-47.55

min

locations, for (a) E-bpe, (b) Z-bpe, (c¢) E-bpeMeBr and (d) Z-bpeMeBr

tron-donating anions like bpeMeF and bpeMeCl appear
at somewhat higher energy than that of the bpeMe.
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